Introduction
Blood flow restricted (BFR) exercise using limb occlusion cuffs is a training modality generating substantial research interest. Recent meta-analyses have demonstrated that this training stimulus is effective at stimulating increases in skeletal muscle size and strength (Slysz et al., 2016) . Whilst traditional high-load (HL) resistance training may be more effective at increasing muscle strength, both HL and BFR resistance training seem to be equally effective at increasing muscle size (Lixandrão et al, 2017) . Improved skeletal muscle endurance has also been observed (Kacin & Strazar, 2011) which is lilely to be due to an improved oxygen delivery/extraction by the working skeletal muscle. To this end, adaptations at various levels of the peripheral vasculature have also been observed; including the conduit artery and resistance vessels (Hunt, Galea, Tufft, Bunce, & Ferguson, 2013) . Moreover, indirect assessment of skeletal muscle micro-vasculature using the capillary filtration technique has suggested an enhanced capillary growth in response to BFR exercise (Hunt et al., 2013) . Although direct evidence of capillary growth has yet to be reported recent evidence suggests low load resistance exercise with BFR can enhance expression of some angiogenic genes (Larkin et al., 2012) however further analysis is required to determine the physiological/molecular mediators of this response.
Skeletal muscle capillary growth (angiogenesis) in response to exercise training is a complex process (Egginton, 2011) . The targeted angiogenic response is stimulated by several physiological signals including shear stress, passive stretch of the tissue (contractile activity), low oxygen tension and metabolic activity. The signals for capillary growth differ, depending on the exercise modality, while the angiogenic response is graded according to stimulus intensity . BFR exercise may stimulate angiogenesis through signals of reduced oxygen tension (Gustafsson et al., 2007) as well as an enhanced metabolic perturbation (Krustrup, Söderlund, Relu, Ferguson, & Bangsbo, 2009; Suga et al., 2009) which mimics that of high intensity/heavy load resistance exercise. Blood flow restriction has also been shown to alter the shear stress response during (Hudlicka & Brown, 2009 ) and immediately after exercise (Gundermann et al., 2012) , whereas the low intensity and decreased time under tension (Loenneke et al., 2012 ) is likely to minimise mechanical stretch.
The signalling pathways involved in angiogenesis are also complex with vascular endothelial growth factor (VEGF) being the principle growth factor and therefore an integral index of angiogenic potential (Olfert, Howlett, Wagner, & Breen, 2010) . The decrease in muscle oxygen levels during low load resistance exercise with BFR (Tanimoto, Madarame, & Ishii, 2005 ) may stabilise hypoxia-inducible factor 1α (HIF-1α) for targeted activation of VEGF transcription. Shear stress induced production of nitric oxide (NO) via the activity of endothelial nitric oxide synthase (eNOS) has also been shown to promote VEGF efflux from skeletal muscle (Benoit, Jordan, Wagner, & Wagner, 1999 ) and availability at EC-receptor sites for VEGFR-2 activation (Shen et al., 1998) , mediating the angiogenic effect of VEGF (Milkiewicz, Hudlicka, Brown, & Silgram, 2005) . Finally, matrix metalloproteinases (MMP) increase in response to muscle stretch and mechanical loading (Høier, Rufener, BojsenMøller, Bangsbo, & Hellsten, 2010) , and are involved in proteolysis of the capillary basement membrane, which is essential for the progression of sprouting angiogenesis (Egginton, 2011; Haas et al., 2000) .
Upstream of the VEGF signalling cascade within the skeletal muscle fibres, are the key stress-activated kinase proteins AMPK and p38MAPK. p38MAPK is activated by cytosolic increases in Ca2+ (Wright, Geiger, Han, Jones, & Holloszy, 2007) as well as reactive oxygen species (ROS) (kang, O'Moore, Dickman, & Ji, 2009 ) and results in an increased expression of peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α). AMPK is activated in response to an increased AMP:ATP ratio and has been demonstrated to mediate regulation of VEGF expression through PGC-1α (Leick et al., 2009) . Collectively, this provides evidence that under conditions of increased energy stress and muscle activation with BFR exercise, activation of AMPK and p38MAPK, and consequent expression of PGC-1α is likely to occur. Therefore, the purpose of the study was to examine gene and protein expression/activation of key components of the angiogenic signalling pathway in response to low load BFR resistance exercise compared to low load resistance exercise alone. It is hypothesised that BFR will activate p38MAPK and AMPK proteins. Up-regulation of PGC-1α, HIF-1α, and eNOS mRNA is expected to occur reflecting reduced oxygen tension and higher metabolic stress during BFR exercise, and greater reactive hyperaemia-induced shear stress following cuff deflation, together with an augmented increase in VEGF and VEGFR-2 mRNA expression.
In contrast, mRNA expression of MMP-9 is likely to remain unchanged given the low mechanical stress during low load exercise.
Methods

Participants
Six healthy males (age; 26 ± 2 yrs, height; 184 ± 6 cm, body mass; 83 ± 11 kg, resting mean arterial pressure 93 ± 10 mmHg) volunteered to take part in the investigation. All were habitually physically active but none were specifically resistance exercise trained. The participants were fully informed of the purposes, risks and discomforts associated with the experiment before providing written, informed consent. The study conformed to current local guidelines and the Declaration of Helsinki and was approved by Loughborough University Ethics Advisory Committee.
Experimental design
In a repeated measures counter-balanced cross-over design, participants completed bilateral low load knee extension exercise on two occasions; 1) under blood flow restricted (BFR) and 2) non-restricted blood flow (CON) conditions. Muscle biopsies were obtained before, 2 and 4 hours post exercise. A minimum of 3 weeks was allowed between experimental trials and participants maintained their usual levels of physical activity throughout the study period.
Preliminary trials and familiarisation
Participants attended a preliminary visit 3 weeks prior to the experimental trial to determine maximum knee extensor strength (1RM) and conduct exercise protocol familiarisation.
Bilateral maximum dynamic strength of the knee extensor muscles was assessed on a knee extension machine. The participants completed a warm up on a cycle ergometer (5 min at ~75W) before moving to the knee extension machine to perform 8 reps at 50% and 3 reps at 70% of the predicted 1RM. The load was then set to approximately 80% of the predicted 1RM. Following each successful lift the load was increased ~5% until the participant failed to lift the load through the entire range of motion (from knee joint angle of 90° through to full anatomical extension). A 4 min recovery period was allowed between each effort and 1RM achieved within 5 attempts. Participants were familiarised with the protocol of low load resistance exercise with BFR as described below. The number of repetitions performed (to fatigue) in the last set was recorded for replication in the experimental trials. This ensured a work matched design between BFR and non-BFR exercise conditions (CON), and enabled a counter-balanced order for the main experimental trial.
Experimental protocol
Participants attended the laboratory in the morning (7-8 am) after a standardised breakfast, having monitored dietary intake for 48 h (for replication in the subsequent experimental trial) and refrained from exercise for 24 h. After resting in a supine position for 20 min a muscle biopsy was attained from the vastus lateralis at a location distal to the occlusion site. This was followed by the exercise protocol which consisted of 4 sets of bilateral knee extension at 20% 1RM (1 x 30 reps, 2 x 15 reps, 1 x reps to fatigue, with 30 s recovery between sets), at a frequency of 20 contractions per minute (duty cycle of 1.5 s concentric and 1.5 s eccentric muscle actions). Range of motion was from a knee joint angle of 90° through to full anatomical extension. The number of repetitions performed in the last set was pre-determined from the preliminary visit. In the BFR trial, 13 cm wide pneumatic cuffs (SC12L segmental pressure cuff, Hokanson, WA) were wrapped around the proximal part of each thigh and inflated to a pressure of 110mmHg (E20 Rapid Cuff Inflator and AG101 Cuff Inflator Air Source, Hokanson, WA). This occlusion pressure induces an approximate 60% decrease in resting popliteal blood flow (Hunt et al, 2016) . Pressure was applied 15 s prior to commencing exercise and maintained for the duration of the 4 sets, including the 30 s intervening rest periods (total occlusion period of 5-8 min). In the CON trial, the same exercise was performed but under normal blood flow conditions without the application of pneumatic cuffs. After completion of the exercise participants returned to the supine position and further muscle biopsies were obtained 2 and 4 hours post exercise.
Muscle biopsy sampling and analysis
Muscle biopsies were obtained from the vastus lateralis muscle under local anesthesia (1% lidocaine) using the micro-biopsy technique (Acecut 11G Biopsy Needle, TSK). Two passes were taken at each time point (average tissue mass: 29.4 ± 8.3 mg). One sample was immediately placed into tubes containing 500µl TRIzol reagent (Sigma-Aldrich 93289) and frozen in liquid nitrogen before storage at -80°C. The other sample was immediately snap frozen in liquid nitrogen before storage at -80°C. Biopsies were alternated between legs and sites were separated by at least 2 cm. The resting biopsy sample was counterbalanced to dominant and non-dominant legs.
RNA isolation. Muscle samples snap frozen in 500μl TRIzol reagent were thawed and gently homogenised over ice, using a handheld TissueRuptor probe (QIAGEN). The solution was separated into an aqueous phase and an organic phase following the addition of chloroform and centrifugation. RNA was isolated from the aqueous phase following precipitation with isopropyl alcohol. The RNA pellet was washed once with 75% ethanol, dried and resuspended in 50 μl of RNA storage solution (Ambion® AM7001). Sample RNA concentration (631 ± 306 ng/μl) and purity (260/280: 2.0 ± 0.2, 260/230: 1.6 ± 0.3) was confirmed using spectrophotometry (Nanodrop).
Real-time qualitative RT-PCR.
Muscle mRNA expression was determined using real-time PCR with primer sequences designed by SIGMA (Table 1) Immunoblotting. Muscle samples were homogenised in cold lysis buffer containing PBS-0.2%, Triton X-100 and protease and phosphatase inhibitor cocktail (Fisher Scientific).
Samples were blitzed using a tissue lyser (Qiagen) twice for 2 min at 20Hz and centrifuged at 12,000 g for 10 minutes to pellet insoluble material. The supernatant was removed to a fresh When the data was not normally distributed (in the case of VEGFR-2, PGC-1α, HIF-1α, eNOS and MMP-9 mRNA) a non-parametric Friedman's test was carried out. Targeted pairwise comparisons were used to assess differences within trials with respect to preexercise and between trials at the same time point using paired t-tests and Wilcoxon signed rank tests for parametric and non-parametric data, respectively. Effect sizes were calculated by partial eta squared (partial η2) for the two-way ANOVA with repeated measures and
Cohen's d (d) for the subsequent pairwise comparisons following the paired t-tests and
Kendalls W for the pairwise comparisons following the Wilcoxon tests. Differences were considered significant at P ≤ 0.05. All data are presented as mean ± SD, unless otherwise stated.
Results
Bilateral knee extension 1RM was 141 ± 21 kg. The exercise protocol was performed at 20% of 1RM, equating to 28 ± 4 kg. Following the first three sets of exercise which were performed for 30, 15 and 15 reps, respectively, the number of repetitions completed in the final set to fatigue was 37 ± 28, and varied greatly between individuals (range 4 -81 reps).
The total number of repetitions performed in the exercise bouts (BFR & CON) was therefore 97 ± 28 and amounted to 397 ± 85 s under occlusion.
There was a significant effect for time (P = 0.05, partial η 2 = 0.57, observed power = 0.54) and condition (P = 0.04, partial η 2 = 0.62, observed power = 0.62) for p38MAPK phosphorylation (Fig. 1) ; the condition x time interaction was close to significance (P = 0.08, There was a trend for VEGFR-2 mRNA expression to change after BFR exercise (Friedman's test P = 0.07). A subsequent a priori comparison revealed VEGFR-2 mRNA expression ( Fig. 3) increased at 4 h (P = 0.05, ES = 0.44) after BFR exercise with no change in CON.
However, VEGFR-2 mRNA did not differ between conditions at 4 h (P = 0.08, ES = 0.44).
A significant Friedman's test (P = 0.03) and subsequent post-hoc tests revealed eNOS mRNA expression (Fig. 3 ) increased 2 h (P = 0.03, W = 0.11) but not at 4 h (P = 0.25) after BFR exercise, with no change in CON. However, a difference between conditions was only evident at 4 h post exercise (P = 0.05, W = 0.44).
A significant Friedman's test (P = 0.05) and subsequent post-hoc tests revealed HIF-1α mRNA expression (Fig. 3) was increased 2 h (P = 0.03, W = 1.00) after BFR exercise.
However, no further differences were detected. Large between-subject variability in the HIF-1α mRNA response at 4 h after BFR exercise precluded significance (P = 0.12).
MMP-9 mRNA expression (Fig. 3) did not change in response to either CON or BFR exercise (Friedman's test P = 0.34).
Discussion
This study has demonstrated a greater p38MAPK phosphorylation following low load resistance exercise with BFR, compared with low-load resistance exercise alone. BFR also potentiates the mRNA expression of PGC-1α although this did not translate to a greater PGC-1α protein expression. mRNA expression of VEGF, VEGFR-2, HIF-1α and eNOS were upregulated following low load resistance exercise with BFR. These data suggest a targeted angiogenic response to BFR exercise potentially mediated through enhanced ischemic and shear stress stimuli.
The greater phosphorylation of p38MAPK is perhaps not surprising given it is considered to be a stress-activated kinase and has been repeatedly shown to be activated in response to various exercise modalities including resistance training (Camera, Hawley, & Coffey, 2015) .
p38MAPK lies downstream of the calcium/calmodulin-dependent protein kinase (CAMK) which is activated by cytosolic increases in Ca 2+ , that ultimately leads to increased PGC-1α expression (Wright et al., 2007) . The key physiological stimulus causing the release of Ca 2+ from the sarcoplasmic reticulum is depolarisation of the muscle surface membrane in the form of an action potential (Endo, 1977) . Thus, an increase in motor unit activity (i.e. EMG activity) which has been reported during BFR resistance exercise (Fatela, Reis, Mendonca, Avela & Mil-Homens, 2016) likely explains the greater phosphorylation of p38MAPK.
Moreover, reactive oxygen species (ROS) generated in response to ischemia-reperfusion and muscle contraction can also activate MAPK and PGC-1α signalling pathways (Kang et al., 2009 ) and may contribute to the phosphorylation of p38MAPK following BFR resistance exercise. However, ROS production during BFR resistance exercise may be minor given that levels of oxidative stress markers are unaltered post exercise (Nielsen et al., 2017) . It is, however, surprising that AMPK was not similarly activated given the additional metabolic stimulus BFR has been purported to provide (Krustrup et al., 2009; Suga et al., 2009 ). This may be reflected by the specific protocol used in the present study (1 x 30 reps, 2 x 15 reps, 1
x reps to fatigue, with 30 s recovery between sets) which may not have been as metabolically challenging as expected.
This study is the first to demonstrate that BFR potentiates the expression of PGC-1α mRNA in response to low load knee extension exercise. The magnitude and time-course of the PGC-1α mRNA response in the present study is comparable with others (Mathai, Bonen, Benton, Robinson, & Graham, 2008) and further reflects the potential for BFR exercise to promote angiogeneisis and mitochondrial biogenesis given the role of PGC-1α in both adaptive processes (Chinsomboon et al., 2009 ). However, as has been demonstrated previously during other exercise modalities there was no concomitant changes in PGC-1α protein, which reflects the observation that translation of PGC-1α protein only occurs several days after exercise (Perry et al., 2010) .
In agreement with previous observations (Larkin et al., 2012 ) the present study demonstrates that BFR can increase VEGF transcription in response to low load bilateral knee extension exercise. The magnitude of this response (5.2-and 6.7-fold increase in VEGF mRNA at 2 and 4 h post BFR exercise) exceeds that elicited by heavy load resistance exercise (Gavin, Drew, Kubik, Pofahl, & Hickner, 2007) but is similar to that obtained after longer duration (~45 min) BFR protocols (Ameln et al., 2005; Gustafsson et al., 2007) . A similar VEGF response despite shorter exercise duration may be attributable to the greater reduction of leg blood flow elicited by direct occlusion cuff application (60% reduced popliteal artery flow; Hunt et VEGFR-2, the major mediator of VEGF induced angiogenesis (Milkiewicz et al., 2005) , increased 4.6-fold following low load BFR resistance exercise, exceeding the response observed previously to heavy load resistance exercise (Gavin et al., 2007) . However, this was largely mediated by one participants response, and in contrast to previous investigations (Larkin et al., 2012) VEGFR-2 transcriptional response did not differ between exercise conditions although a near significant trend was observed (p=0.08, 4 h post exercise). An enhanced secretion of VEGF by muscle fibres during BFR exercise (Takano et al., 2005) may increase VEGF binding to VEGFR-2 and explain the increase in VEGFR-2 gene transcription (Shen et al., 1998) . Alternatively the up-regulation of VEGFR-2 mRNA may result from the increased number of endothelial cells given the enhanced proliferation of EC (Gustafsson et al., 2007) after BFR exercise.
In the present study we also examined mRNA expression of HIF-1α, eNOS and MMP-9 as recognised markers of hypoxic, shear and mechanical stress mediated angiogenic signalling, respectively. Although HIF-1α mRNA increased following BFR exercise the response did not differ to the control condition, which has been observed before (Ameln et al., 2005; Drummond et al., 2008) suggesting regulation by HIF-1α may not account for the augmented VEGF expression in response to BFR resistance exercise. Alternatively VEGF may be regulated in a HIF-1α independent manner by PGC-1α (Arany et al., 2008) . The proangiogenic actions of shear stress facilitate angiogenesis (Adair & Montani, 2010) . eNOS mRNA was elevated after BFR exercise and peak expression occurred prior to that of VEGF and VEGFR-2, consistent with the hypothesis that shear stress induced NO release functions as an upstream regulator of the VEGF signalling pathway (Milkiewicz et al., 2005) . The enhanced eNOS expression following BFR exercise may be a consequence of the shear stimulus elicited by reactive hyperaemia following cuff deflation (Gundermann et al., 2012) .
However, increased circumferential strain (stretch) as a result of raised capillary pressure with proximal cuff inflation (venous occlusion) (Price & Skalak, 1994) , and mechanical compression of the vessels with skeletal muscle contraction (Chen et al., 2002) may also explain findings. In contrast, there was no change in eNOS mRNA in the control trial, which may reflect the modest hyperemia associated with short duration low intensity resistance exercise and elicited a mechanical stimulus (shear stress, circumferential strain and/or compression) that was below the threshold required to stimulate eNOS transcription (Balligand, Feron, & Dessy, 2009) . Neither bout of low load knee extension exercise elicited a change in MMP-9 mRNA which probably reflects the reduced time under tension (Loenneke et al., 2012) and minimised dynamic stretch of the tissue that is typical of lowload exercise.
The present study is not without limitations. As with similar reports (Larkin et al., 2012) , despite having a low sample size we were able to detect significant differences with adaquate statistical power. Where 'trends' were reported the calculated effect sizes could be considered to be large in magnitude, further supporting our interpretations. We also appreciate that a sampling time of 2 h post-exercise is not the optimal time to assess phosphorylation status of AMPK and p38MAPK, especially since activation of these proteins usually occur in the immediate period (< 1 h) following exercise (e.g. Camera et al., 2015) . We concede that the primary purpose of the study was to examine the gene expression responses hence the 2 and 4 h muscle sampling time points and we took an opportunistic approach to the analysis of AMPK and p38MAPK. Nevertheless, this data does provide an insight into the initial acute signals for the adaptive response following low load resistance exercise with BFR which requires further investigation. We also appreciate that given the acute nature of this experiment, there are limitations in predicting chronic adaptations to BFR training. However, previous studies have demonstrated that the acute angiogenic gene response does inform the magnitude of capillary growth with training in that increases in acute exercise-induced VEGF, VEGFR-2 and eNOS mRNA expression are associated with a significant capillarisation response after 4 weeks of training (e.g. Høier et al. 2012 ).
In conclusion, acute low load resistance exercise with BFR provides a targeted angiogenic response potentially mediated through enhanced ischaemic and shear stress stimuli. A more detailed insight into the angiogenic cascade is required with measurement of further pro-and anti-angiogenic factors to determine the modulation of angiogenesis and direct measures of capillary growth in response to BFR exercise training are now required. 
